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Introduction
Coatings are useful for engineering specific and desired properties into materials. Moreover, the conformal coating of nanoscale objects is more important than ever, as nanotechnology is being adopted by disparate scientific fields. For example, thiol chemistry [1] is commonly used to engineer the surface properties of gold nanoparticles (AuNPs), thereby controlling pharmacokinetic and organ/tissue distribution during targeted drug delivery and photothermal cancer therapy [2] . Specifically, thiolated biocompatible polymers such as poly(ethylene glycol) (PEG) can be conjugated to AuNPs to reduce cytotoxicity, improve their in vivo stability, and prolong their systemic circulation lifetime [3] . For hydroxy terminated substrates, including silicon and glass, silane coupling agents (e.g., R-Si(OH) 3 ) are widely used for surface modification [4] . Phosphonic acids (e.g., R-PO 3 H 2 ) also readily react with a range of metal oxides to form a dense coating on the surface, and phosphonic acids are sometimes superior to silane coupling agents because of the higher robustness of metal-OP over metal-OSi bonds [5] . Phosphonic acid-mediated coating prevents oxygen diffusion toward the metal surfaces, thereby protecting the coated materials from corrosion [6] .
However, these technologies are seldom applicable to a wide variety of substrates, as they require specific interactions with the substrate [7] .
Facile coating techniques should be substrate-independent, and therefore applicable to a substrate regardless of its chemical composition, size, shape, or stiffness. To develop such coatings, solution-based noncovalent interactions (e.g., electrostatic interaction, hydrogen bonding, hydrophobic attraction, and van der Waals interaction) are exploited, as these interactions occur on nearly all types of surfaces. Additionally, as most individual noncovalent interactions are not strong enough to stably tether the coating to a surface, the adhesive units are generally incorporated into polymer backbones to generate multivalency [7] . For example, layer-by-layer (LbL) assembly can be utilized to fabricate polymeric thin films on a wide range of surfaces through the sequential adsorption of polyanions and polycations [8, 9] . Unlike spin coating and chemical vapor deposition, LbL assembly can be used to coat both planar and particulate substrates. This topology-independent conformal nature allows for the deposition of homogeneous coatings on colloidal materials of different composition (e.g., polymer, inorganic, liquid droplets, gas bubbles) and geometry (e.g., spheres, rods, fibers) [10] . Despite the significant progress being made, the requisite multistep layering process of LbL assembly is often labor intensive and time consuming. To reduce the manual involvement and speed up the assembly time, a number of studies have focused on accelerating deposition kinetics and automating labor-intensive steps with robotic immersion machines [9] .
Instead of utilizing multiple steps, the self-polymerization of dopamine is a one-step method to produce an adherent coating on a wide variety of surfaces [11] . Dopamine is oxidized into 5,6-dihydroxyindole in alkaline solutions and further polymerized to form three dimensionally cross-linked networks, although a substantial amount of unpolymerized dopamine and 5,6-dihydroxyindole also remain inside the network [12] . Dopamine has catechol and amine groups that are analogous to adhesive proteins secreted by marine mussels, such as Mytilus edulis, which secretes highly basic adhesive proteins containing large amounts of lysine and 3,4-dihydroxyphenylalanine residues [13] . Amines contribute to the electrostatic interaction of the proteins and also help remove the hydrated salt layer on surfaces to allow for catechol binding [14] . Catechols can mediate either coordination interactions or bidentate hydrogen bonding to metal oxide surfaces [15] . Although, the deposition of polydopamine coatings is a one-step process, the rate of film deposition decreases as the precursor dopamine concentration increases, and it can take 10 h to reach a thickness of 20 nm [16] .
Recently, we reported a rapid and low cost method for the conformal coating of different substrates, including bulk materials, nanomaterials, and biointerfaces [17] . In this method, the naturally occurring polyphenol, tannic acid (TA), and metal ions (e. This review primarily focuses on the interfacial formation of amorphous network structures consisting of phenolic compounds with metal ions.
As a phenolic ligand, TA is of particular interest because it is already approved by the US Food and Drug Administration (FDA), although other phenolic ligands have also recently been used to construct MPNs (Table 1) . TA is a dendritic polyphenol that contains five digalloyl ester groups covalently attached to a central glucose core (Fig. 1) . TA exhibits antioxidant [58] , antibacterial [59] , antimutagenic [60] and anticarcinogenic [61] properties.
Moreover, TA can chelate metals, where it acts as a polydentate ligand for metal ion coordination. As TA is just one of many naturally occurring polyphenols, this coating technique can provide a novel green route to fabricating advanced functional materials [62] .
Polyphenols are secondary metabolites of plants and play essential, diverse roles in plant physiology, such as defending against UV radiation, plant-pathogens, micro-organisms and insects [63] . For the last several decades, there has been increased interest in the potential health benefits of antioxidants, where the regular intake of fruits and vegetables containing polyphenols is thought to reduce the risk of chronic and degenerative diseases, although this is still under scientific scrutiny [63] . Moreover, polyphenols have attracted significant attention from material scientists [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] , partly because of the worldwide social and environmental demand for replacing petroleum-derived materials with renewable plant-based ones.
Assembly routes of MPNs: one-step vs. multistep
MPNs consisting of TA and Fe III can be assembled in "one-step" [17, 25] or "multistep" [22, [75] [76] [77] These results provide some insight into the assembly mechanisms and demonstrate how prudent choice of the assembly method, even when using identical material components (i.e.,
TA and Fe III ), can be used to tune application-specific properties.
In the case of one-step assembly ( Monolayers with a thickness of ~2 nm form on surfaces when solely using TA, but the onestep coating of MPNs results in a film with a thickness of ~10 nm [17, 76] . After coating with TA, the zeta potential of the surface becomes negative, independent of the surface charge of the bare substrate [17] . FT-IR [25] and Raman spectra [21] can be used to confirm the formation of Fe 
Functional MPN coatings for template-mediated capsule fabrication
Both planar and particulate objects can be coated with MPNs (Table 1) , and hollow MPN capsules can be readily obtained by coating sacrificial template particles, followed by selective dissolution of the templates [17, 78] . Due to the conformal nature of MPNs, different-sized spherical templates (D = 120 nm -10 µm) and ellipsoidal templates can be exploited to form MPN capsules with nominally the same size and shape as the templates [17] . MPN coatings are relatively thin, and after drying, the capsules collapse and display folds and creases on their surfaces, as observed by atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) (Fig. 3) . Differential interference contrast (DIC) microscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of MPN capsules. Adapted from ref. [17, 25] (Fig. 4c) , where the dual metal capsules have a multimodal capability for both PET and fluorescence imaging. carbohydrates, but were capable of disassembling in the presence of 100 mM mannitol (Fig.   5a ). The phenylboronic acid-based MPN capsules were injected locally to the site of tumor xenografts in immunodeficient mice and tracked via PET imaging (Fig. 5b) . If the capsules disassembled in vivo, the PET signal should have been detected from the liver; however, the PET signal was still primarily detected from the tumor site after 12 h, suggesting that these capsules exhibited good stability in vivo. This efficient combination of TA with boron-based cross-linkers could possibly lead to a closed-loop insulin delivery system activated by glucose. Capsules injected to the site of tumor xenografts in immunodeficient mice. Adapted from ref.
[79] with permission from John Wiley and Sons.
Synthetic polyphenols can also be generated through the modification of polydentate polymers (e.g., multi-arm PEG) with catechol groups, which can then be used to form multifunctional MPN capsules. For example, catechol-functionalized PEG-based MPN capsules show reduced nonspecific protein adsorption and cell association compared with TA-based MPN capsules [33] . Five-fold less protein adsorbed onto PEG-based MPN (1.8 ± 0.2 ng mm -2 ) than TA-based MPN (8.6 ± 0.5 ng mm -2 ) capsules, as determined by quartz crystal microbalance (QCM) measurements after incubation in 100% human blood serum for 1 h at 37 °C. Like the TA-based MPN capsules, the PEG-based MPN capsules can disassemble and release encapsulated cargo at physiologically relevant acidic pH (pH 5).
Hyaluronic acid (HA) has a high binding affinity toward CD44 receptors, which are overexpressed on the cell membranes of many types of cancer cells. Therefore, the incorporation of catechol-functionalized HA into the PEG-based MPN capsules significantly enhanced association with CD44 overexpressing (CD44+) cancer cell lines [34] . HA-based MPN capsules also help control the protein layer, called the "protein corona," which forms on particles when they enter the bloodstream. Ju et al. [35] further investigated the effect of protein coronas on the targeting ability of HA-based MPN capsules (Fig. 6 ). The HA-based MPN capsules were incubated in human serum at 37 °C for 1 h and extensively washed to remove unbound proteins, and the final protein corona was clearly visible in TEM images.
The incorporation of HA with higher molecular weight (51, 120, or 230 kDa) enhanced the binding affinity of the capsules toward CD44+ cells, and this enhanced affinity was negligibly affected by the presence of protein coronas. In contrast, the nonspecific interactions of capsules with CD44 minimal expressing (CD44−) cells at 37 °C were significantly reduced by the presence of protein coronas. Therefore, the targeting specificity of the capsules was enhanced by protein coronas, as the formation of a protein corona decreased the surface energy of capsules and reduced nonspecific interactions with the cell membrane. These results highlight that a protein corona is not always detrimental, but rather can be beneficial, especially in terms of the targeting specificity of certain MPN capsules. Adapted from ref. [35] with permission from American Chemical Society.
Besides the targeting ability, the stiffness of particles is another dominant factor in determining biodistribution and circulation in vivo [80] . To understand the stiffness of MPN capsules, the mechanical properties were investigated with AFM [81] . A colloidal silica particle was attached to a silicon nitride cantilever by a two part epoxy adhesive, where a small amount of adhesive is spread on a glass slide, the cantilevers lowered into this adhesive, and then the adhesive cantilever is immediately used to pick up a colloidal silica particle from a different location on the glass slide. The MPN capsules were indented with this colloidal probe, taking force-distance curves with an approaching velocity of 100 nm s -1 .
The Reissner's thin shell theory [82, 83] was used to determine the modulus of the capsules, where the capsule is compressed by a rigid probe at a given load of F, then, F = k shell δ in a small deformation regime, where k shell is the capsule stiffness and δ is deformation. k shell can also be written as:
where a radius of capsule is R c , a radius of probe is R p , 1/R = 1/R c + 1/R p , shell thickness is h, ν is the Poisson's ratio of capsule. From this equation, the Young's modulus of the capsule (E s ) can be estimated. The MPN capsules became slightly more rigid with an increase in temperature (Fig.   7 ), which could allow for unique applications to be realized. Specifically, the k shell changed from 60 to 100 mN m -1 and the corresponding E s changed from 0.8 to 1.3 GPa when the temperature increased from room temperature to 70 °C. This could be attributable to the higher stability constants and/or the rearrangement of the network to form more homogeneous structures at higher temperatures. However, the k shell and E s of heat-treated MPN capsules returned to the initial values, within experimental error, at room temperature.
As there was a relatively small temperature effect on the stiffness once returned to room temperature, MPN capsules could be a viable choice where thermal cycling and a temperature independent behavior is favored.
MPN coatings on nanomaterials
The deposition of conformal, uniform films on nanomaterials is an important, albeit challenging task. Conformal coatings are important, as the surface functionality and dispersibility of nanomaterials can be controlled with prudent choice of the coating material.
MPNs are well suited for coating nanomaterials because the gallol groups in TA work as both high adsorptive and high dispersive groups in water [55] . Moreover, the MPN coating process avoids heat treatment, organic solvents, special instruments, and additive chemicals.
MPN coatings on diverse nanomaterials have recently been reported, and representative examples are given below.
The versatility of MPNs even applies to coating 2D materials, such as graphene oxide (GO) nanosheets (Fig. 8 ) [18] . After coating, the zeta potential of the GO nanosheets shifts from −36 to −44 mV, and the MPN-coated GOs are still highly dispersible and stable in water, and therefore easy to handle. Dynamic light scattering measurements revealed a smaller hydrodynamic diameter after coating, suggesting that the MPN coating mitigates aggregation. Chemical reduction of GO using hydrazine vapor is regularly carried out to remove the epoxy and hydroxyl groups on the GO surface, yielding reduced GO (rGO). This reduction process is still effective for MPN-coated GO and does not degrade the outer MPN layer, thereby resulting in a hydrophilic surface for the MPN-coated rGO, while uncoated rGO have a more hydrophobic surface. The MPN coating and subsequent reduction of GO is an effective two-step route to prepare water-dispersible conductive rGO composites. Nanoparticles other than nanodiamonds also demonstrated enhanced properties after MPN coating. For example, MPN-coated AuNPs [17] show enhanced catalytic performance for the reduction of 4-nitrophenol and improved reusability when compared with uncoated AuNPs [24] (Fig. 9 ). Zeng and co-workers suggested that the abundant aromatic rings in TA enriched 4-nitrophenol from the aqueous mixture through π-π interaction, thus giving rise to a local high concentration of 4-nitrophenol, and therefore a higher catalytic activity. MPN-coated AuNPs can be easily isolated from the reaction mixture by centrifugation, and then reused in the next catalytic cycle. TEM images confirmed the unchanged morphology of MPN-coated AuNPs after numerous catalytic cycles. Considering the versatility and simplicity of MPN coatings, this approach should be applicable to nanoparticle systems other than GO, nanodiamonds, and AuNPs.
Fig. 9
Schematic illustration of an MPN coating on gold nanoparticles. Adapted from ref.
[24] with permission from Royal Society of Chemistry.
The uniform coating of MPNs allows for complex assemblies to be constructed based on the responsive chelation capacity of the incorporated TA. For example, MPN coatings can transform a wide range of objects, including micro-/nanoparticles, nanowires, nanosheets, nanocubes, and even cells, into modular bricks for superstructuring [55] (Fig. 10) . The interactions between phenolic groups and substrates, as supported by AFM studies and molecular dynamics simulation, result in robust particle interlocking after contact. This method displays significant versatility in the choice of building blocks, thus providing a novel platform for the rapid generation of superstructured assemblies across a wide range of length scales, from nanometers to centimeters. This highlights that MPNs are not only applicable as a building block of functional materials, but can also be used to transform diverse objects into building blocks. 
MPN coatings at biointerfaces
TA is useful for biological applications, as it is generally recognized as safe (GRAS)
by the FDA and is commonly utilized as a food additive in many parts of the world. More specifically, the human tolerable daily intake of TA is known to be 13.6 g/60 kg [84] .
Considering this high biocompatibility, MPNs are an appropriate choice as coating agents for various biointerfaces. For example, the surfaces of bacteria, yeast, animal cells, viruses, and even teeth have been coated with MPNs ( Table 1 ). The aim of these coatings range from dental hypersensitivity treatment [20, 41] to cytoprotection [21] and cellular surface functionalization [39] . The details of each example are described below.
MPN coatings were applied as a rapid, effective and user-friendly method to mitigate dental hypersensitivity by Hwang and co-workers [20, 41] . Human teeth are primarily composed of mineralized hydroxyapatite (HA)-containing enamel and less mineralized HAcontaining dentin with dentinal tubules (Fig. 11) . Adults can experience frequent sharp pains (dental hypersensitivity) derived from fluid flow when they have exposed dentinal tubules. In clinics, a polymerizable sealant consisting of glutaraldehyde and (hydroxyethyl)methacrylate is widely used to occlude the exposed dentinal tubules and prevent pain, but this can only be performed after recommendation from a doctor due to the toxicity of glutaraldehyde.
Therefore, MPNs were explored as a safe and alternative dental sealant. Selective deposition is favorable from a cosmetic point of view and after dipping teeth into an MPN solution for only 4 min, the dentin color changed to purple (Fig. 11c) , which is the typical color of the Fe III -TA complex, while the surrounding enamel remained white. This suggested that the MPN predominantly deposited on the dentin, which has a higher protein content than enamel, and SEM observation of the tooth slice showed that the tubule entrances were narrowed and occluded after MPN deposition (Fig. 11d) . Moreover, the MPN coating was mechanically stable as confirmed by applying 1,000 strokes at 200 g force (60 strokes min -1 ) of tooth brushing. The MPN coating also helped repair teeth by inducing the remineralization of HA in the tubules by gallol-mediated Ca 2+ absorption during incubation in artificial saliva for 7
days.
There are numerous advantages of an MPN-based desensitizer over the commercial glutaraldehyde-based sealants. MPN coatings are rapid to form and efficient in occluding tubules. Moreover, they show low cytotoxicity and good adhesion to human periodontal ligament cells, which reduce further dentin exposure to the outside environment. The MPN coating procedure is facile and not greatly reliant on a user's skill. Finally, the mechanical robustness of MPNs is encouraging because the oral environment is often under a variety of mechanical stresses such as chewing, brushing, and temperature-driven air pressure. Taken together, Hwang et al. [20] stated that the MPN coating can be a promising "at-home" desensitizer product, similar in ease to tooth paste and mouthwash. the dentinal tubules of human teeth before and after MPN deposition. Adapted from ref. [20] with permission of Nature Publishing Group.
Non-mineralized biointerfaces can also be coated by MPNs, as Park et al. [21] demonstrated the coating of S. cerevisiae (yeast) with MPNs for cytoprotection (Fig. 12) [21] . Similar levels of viability (~95%) was also reported for both yeast and E.
coli by Li and co-workers [39] . Moreover, MPNs can act as a primary layer for secondary modifications by exploiting the versatile reactivity of the constituent phenolics to both thiols and amines, and MPN-coated cellular surfaces can be further modified with magnetic nanoparticles, DNA, and MRI contrast agents [39] . observed for MPN-coated and uncoated yeast, respectively [21] . This is roughly a three-order of magnitude decrease in cellular division activity when compared against uncoated cells.
Similarly, the division rate, which is defined as the time point when lnOD 600 reaches -2, was During natural sporulation, a robust proteinaceous shell forms over the cell wall while the metabolic activity is concurrently shut down, so that the organism can survive in stressful conditions such as UV radiation, desiccation, osmotic pressure, shear force, nutrient deprivation, extreme temperature, and toxic chemicals [85] . Inspired by this natural survival mechanism, artificially encasing living cells, including both spore-forming and non-sporeforming, has been explored (artificial spores) [86] [87] [88] . However, a cytocompatible coating that fully mimics the germination process (i.e., spore disassembly on-demand) had been lacking until recently. Natural spores can disassemble when the spore's inner membrane senses the end of unfavorable environmental conditions, thereby resuming cellular proliferation (i.e., germination Recently, demand for cell-based applications (e.g., bioelectronic devices, biocatalysis, bioproduction, biosensors, and therapies) has been increasing. Because these cell-based technologies require long-term cell viability, and functionality in unfriendly environments, single-cell based cytoprotective coating techniques will continue to attract attention. In this regard, MPN coatings hold numerous advantages, as they can protect and regulate cells, while also allowing for on-demand disassembly to recover the original properties of the cells.
Moreover, MPN coatings can act as a primary coating for secondary modification, greatly expanding the potential of this technique. Therefore, the importance of MPN coatings in the fields of single-cell-based technology is expected to grow.
Conclusions and outlook
This review highlights some of the recent advances in the MPN coating of nanomaterials and biointerfaces. While this approach is only in its infancy, a diverse array of MPN-coated objects (including graphene, nanodiamonds, AuNPs, yeast, mammalian cells, teeth) have been coated. However, there is still significant space for improving and expanding upon the choice of phenolic ligands used for MPN construction. Commercially available TA is in fact a mixture of gallotannins and other galloylated glucopyranoses extracted from plants, and the total synthesis of decagalloylglucose commonly used to represent TA (the chemical structure shown in Fig. 1 ), has just recently accomplished [91] . This total synthesis of the representative TA molecule should enable more detailed investigations into the stoichiometry of metal ions and gallol groups, which may assist with elucidation of the MPN structures.
Additionally, a TA-inspired gallol-functionalized polymer, polyvinylgallol, has also been synthesized recently [92] through reversible addition-fragmentation chain transfer polymerization. Polyvinylgallol is a promising synthetic analogue of TA for MPN preparation, and similar synthetic molecules will likely be introduced in the near future to afford additional functionalities and unique routes for post-modification.
The high versatility of MPN coatings can be used in conjunction with the sacrificialtemplate-mediated approach to yield multifunctional responsive capsules, which show promise as catalytic materials, imaging agents, and biomedical delivery agents. The nonspecific interaction of natural polyphenols with biological systems [93] can have a negative impact on certain biomedical applications, such as intravenous drug delivery, although polyphenols are regularly ingested and therefore drug delivery routes other than intravenous delivery are also possible. Due to the modular approach of engineering MPNs, functionalization or construction with low-fouling synthetic moieties like PEG-polyphenol [33] , targeting moieties like HA-polyphenol [34] or antibody-polyphenol, and even conjugation and incorporation of phenolic drugs like quercetin, should become commonplace and address issues facing certain biomedical applications of MPNs. For other applications, such as cell-coating, the highly fouling nature of most MPNs offers a unique advantage over many synthetic routes that result in lower surface coverages due to their lack of ubiquitous binding. Therefore, future pursuits should be guided by harnessing the inherent properties of MPNs, such as ubiquitous coating, modularity, ease of functionalization, and metal or polyphenol-derived functionality to engineer coatings for specific applications. In summary, the simple coating protocol of MPNs in combination with their low toxicity and reversible assembly/disassembly characteristics make them highly relevant for biological use. We expect that further development will establish MPN coatings as a platform technology for cell-based fundamental research and advanced biomedical applications, as well as material assembly and superstructuring. Graphical abstract:
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